With the increasing use of the term ''flash drought'' within the scientific community, Otkin et al. provide a general definition that identifies flash droughts based on their unusually rapid rate of intensification. This study presents an objective percentile-based methodology that builds upon that work by identifying flash droughts using standardized evaporative stress ratio (SESR) values and changes in SESR over some period of time. Four criteria are specified to identify flash droughts: two that emphasize the vegetative impacts of flash drought and two that focus on the rapid rate of intensification. The methodology was applied to the North American Regional Reanalysis (NARR) to develop a 38-yr flash drought climatology across the United States. It was found that SESR derived from NARR data compared well with the satellite-based evaporative stress index for four previously identified flash drought events. Furthermore, four additional flash drought cases were compared with the U.S. Drought Monitor (USDM), and SESR rapidly declined 1-2 weeks before a response was evident with the USDM. From the climatological analysis, a hot spot of flash drought occurrence was revealed over the Great Plains, the Corn Belt, and the western Great Lakes region. Relatively few flash drought events occurred over mountainous and arid regions. Flash droughts were categorized based on their rate of intensification, and it was found that the most intense flash droughts occurred over the central Great Plains, Corn Belt, and western Great Lakes region.
Introduction
Drought is one of the most costly natural disasters (Wilhite 2000) with complex impacts that can impose significant economic, environmental, and social stress (Wilhite et al. 2007 ). While preferred regions exist within the United States for drought development and persistence, drought occurrence is possible anywhere in the country (Diaz 1983) . Furthermore, the impacts of drought are extensive, with diverse ramifications specific to different regions across the United States Manuel 2008; Griffin and Anchukaitis 2014; Zou et al. 2018) . These primary impacts include agriculture, surface and groundwater availability, recreation, human health, wildfires, and ecosystems Westerling and Swetnam 2003; Krishnan et al. 2006) . In addition to impacts, the drivers of drought are similarly diverse, including shifts in atmospheric patterns, anomalous sea surface temperatures, and land-atmosphere coupling (Chang and Wallace 1987; McCabe et al. 2008; Basara and Christian 2018) .
While drought is generally described as slowly developing (Wilhite et al. 2007 ), recent studies have unveiled a new type of rapidly developing drought: flash drought. Within the context of the four traditional drought classifications (meteorological, agricultural, hydrological, and socioeconomic; Wilhite and Glantz 1985) , flash droughts often begin as a meteorological drought that then transitions to agricultural drought as conditions continue to deteriorate. If extreme atmospheric anomalies (i.e., lack of rainfall, higher surface temperatures, strong winds, and clear skies) persist for several weeks, the onset and development of drought can occur rapidly. Flash drought is critically important to understand as rapid drought intensification can occur regardless of preceding moisture conditions. For example, even though environmental conditions were near normal at the end of May 2012, the flash drought event across the central United States during the growing season of 2012 was associated with three-, four-, and five-category increases in the U.S. Drought Monitor (USDM; Svoboda et al. 2002; Otkin et al. 2018a) . Further, flash droughts induce large impacts on agriculture and can stress short-term water resources through rapid deterioration of vegetation health and rapid depletion of soil moisture. Heat waves may also manifest during flash droughts, which can further lead to significant impact on agricultural yields and loss of life (Mo and Lettenmaier 2015; Thacker et al. 2008) .
Rapid drought intensification is also difficult to predict as flash droughts are subseasonal phenomena and the complex drivers are not fully understood (Otkin et al. 2018a ). As such, it is critical to understand where flash drought events are most likely to occur to improve predictability and to know where impacts from flash drought are most common. Flash droughts were initially examined in Otkin et al. (2013) using the satellite-based evaporative stress index (ESI; Anderson et al. 2007a,b) . The relationship between rapid drought development and changes in ESI was further explored in Otkin et al. (2014) where they showed that the rapid change index (RCI) derived from temporal changes in the ESI can provide early warning of agricultural flash drought. More recently, the evaporative demand drought index (EDDI) has been used as a flash drought indicator . EDDI leverages atmospheric demand to not only detect and track drought, but to provide an early warning indicator of rapid onset drought development . Flash drought events have also been examined by using belownormal soil moisture values. For example, Yuan et al. (2018) used rapid declines in soil moisture to investigate the spatiotemporal distribution of flash drought over southern Africa while Wang et al. (2016) used temperature, soil moisture, and evapotranspiration anomalies to examine trends in flash droughts across China. Further, Ford and Labosier (2017) investigated the meteorological conditions associated with flash drought in the eastern United States.
With the increasing usage of the term flash drought in the scientific community, a general definition for these features of the climate system was provided by Otkin et al. (2018a) that is based on rate of intensification.
While previous studies (e.g., Lettenmaier 2015, 2016; Zhang et al. 2017 ) have placed an emphasis on short duration for flash drought identification, Otkin et al. (2018a) argue that identification of flash droughts based on criteria for a short duration deviates from the fundamental drought characteristics of longevity and impact. The general definition of flash drought presented in Otkin et al. (2018a) called for an objective, statistical methodology to identify flash drought events. Therefore, the purpose of this study is twofold: 1) to create a consistent statistical methodology that can be used to identify flash drought cases in any gridded dataset containing evapotranspiration (ET) and potential evapotranspiration (PET), or their constituents, and 2) to apply the methodology to a reanalysis dataset to investigate the climatological characteristics of flash droughts across the United States.
Flash drought identification methodology a. Standardized evaporative stress ratio
The foundation of flash drought identification proposed in this study relies upon the evaporative stress ratio (ESR). ET and PET are used to calculate ESR, such that
where ESR ranges from zero to approximately one. The interpretation of ESR is as follows: as ESR approaches one, the atmospheric demand of ET is met by the available soil moisture and vegetation; as ESR approaches zero, the land surface meets little or none of the atmospheric demand. Thus, the value of ESR is inversely proportional to the amount of evaporative stress on the environment. The satellite-derived ESI (similar to standardized ESR) has been widely used in studies examining drought processes including comparison of ESI with leaf area index and precipitation anomalies, utilizing ESI as an indicator for agricultural drought, and an intercomparison of ESI with soil moisture, ET, and runoff anomalies from reanalysis data (Anderson et al. 2011 (Anderson et al. , 2013 (Anderson et al. , 2015 (Anderson et al. , 2016a Otkin et al. 2013 Otkin et al. , 2016 Otkin et al. , 2018b Otkin et al. , 2019 . As such, ESR was selected for flash drought analysis as it directly incorporates near-surface state variables including air temperature, wind speed, vapor pressure deficit, latent and sensible heat fluxes, as well as soil moisture, precipitation, and shortwave radiation, and follows the guidance of Otkin et al. (2018a 
where SESR ijp (henceforth referred to as SESR) is the z score of ESR for a specific pentad p at a specific grid point (i, j), ESR is the mean ESR for a specific pentad p at a specific grid point (i, j) for all years available in the gridded dataset, and s ESR is the standard deviation of ESR for a specific pentad p at a specific grid point (i, j) for all years available in the gridded dataset. This standardization is similar to that for ESI (e.g., Anderson et al. 2011; Otkin et al. 2013 Otkin et al. , 2014 where ESI was standardized for each week at each grid point. A critical characteristic of flash drought identification involves the ''flash'' component representing rapid drought intensification. This is derived by calculating the change in SESR values between each pentad. The change in SESR is standardized in the same way as ESR, similar to the standardization of ESI changes in prior studies by Anderson et al. (2013) and Otkin et al. (2013 Otkin et al. ( , 2014 . In this analysis, the standardized change in SESR is given as
where (DSESR ijp ) z (henceforth referred to as DSESR) is the z score of the change in SESR for a specific pentad p at a specific grid point (i, j), DSESR is the mean change in SESR values for a specific pentad p at a specific grid point (i, j) for all years available in the gridded dataset, and s DSESR is the standard deviation of SESR for a specific pentad p at a specific grid point (i, j) for all years available in the gridded dataset. It is important to note that this process is applied to all land grid points in the dataset.
b. Flash drought identification
Four criteria involving SESR are used to identify flash drought events. The first two criteria are used to address the impacts of flash drought on the environment while the latter two criteria emphasize the rapid rate of drought intensification. In this methodology, flash drought events are required to have 1) a minimum length of five SESR changes (DSESR), equivalent to a length of six pentads (30 days), and 2) a final SESR value below the 20th percentile of SESR values. Both of these criteria are founded upon characteristics of flash droughts described in Otkin et al. (2018a) . The minimum length of 30 days for criterion 1 was selected based off the previously defined temporal definition of flash droughts provided in Otkin et al. (2018a) , and the length of flash droughts depicted in case studies from Otkin et al. (2013) . Otkin et al. (2018a) states that the minimum time frame in which flash droughts develop is over the course of ''several weeks.'' Furthermore, each of the flash drought cases examined in Otkin et al. (2013) were a minimum length of 30 days or longer. As such, the combination of this definition and the resulting case studies determined the minimum length of a flash drought defined for criterion 1. The emphasis of criterion 1 is the elimination of short-term dry spells so FIG. 1. A schematic of the standardization process to obtain SESR ijp (referred to as SESR) and (DSESR ijp ) z (referred to as DSESR). Subscript indices i and j represent grid point locations, and p represents a specific pentad.
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that the definition captures situations where drought impacts occur (i.e., significant reduction of water resources including soil moisture, stress to the ecosystem, etc.). A rapid change in SESR from one pentad to the next by itself does not necessarily indicate an impact to the ecosystem and environment unless below-average SESR values persist for a longer period of time. Adverse impacts on the environment are most likely to occur when there is continuous rapid development toward drought conditions from one pentad to the next. Regarding criterion 2, Otkin et al. (2018a) states that any variable used to identify flash droughts must fall below the 20th percentile for it to be considered drought. Criterion 2 satisfies the drought component of this definition by requiring that, at a minimum, drought conditions occur by the end of the rapid intensification period.
Regarding the rate of rapid drought intensification, two criteria are used: one that focuses on pentad-topentad changes toward drought development (criterion 3) and another that emphasizes rapid drought development through the entirety of the flash drought event (criterion 4). Criterion 3 contains the following two components: 1) criterion 3a: DSESR must be at or below the 40th percentile between individual pentads, and 2) criterion 3b: no more than one DSESR above the 40th percentile following a DSESR that meets criterion 3a.
If criterion 3b is reached, then the following DSESR must meet criterion 3a and have an ending SESR value less than the SESR value preceding the SESR moderation in order for the flash drought to continue. The end of a flash drought is attained at the last pentad for which criterion 3a is satisfied. The fourth criterion complements the third criterion and is applied to the entire length of the flash drought (beginning from the first pentad where criterion 3a is met and ending at the last pentad in which criterion 3a is met). Specifically, the mean change in SESR during the entire length of the flash drought must be less than the 25th percentile of the climatological changes in SESR for that grid point and time of year. This criterion is used to ensure that features identified as flash droughts have an overall rapid rate of development of drought conditions and are not significantly slowed by temporary moderations of SESR due to the effects of precipitation, lower temperatures, more cloud coverage, or lower surface wind speeds. It is important to note that for all percentile values used in criteria 2 and 3, percentiles were taken from the distribution of SESR and DSESR at local grid points and specific pentads for all years available in the dataset. For criterion 4, percentiles were calculated from the distribution of DSESR at local grid points for pentads that were encompassed within the flash drought event.
The threshold percentile for individual pentad-topentad SESR changes (40th percentile) is more lenient than the threshold percentile for overall SESR change (25th percentile) during the entire length of the flash drought event for two reasons. First, the 40th percentile was used to separate periods of worsening conditions (less than 40th percentile) from those characterized by nearly constant or improving conditions (greater than 40th percentile) during changes between individual pentads. Second, during an extended period of rapid drought intensification, some pentad changes in SESR will exhibit very rapid development (e.g., less than the 10th percentile) while others will experience slower intensification (e.g., 35th percentile). The more lenient 40th percentile threshold for pentad-to-pentad changes accounts for these variations in rapid intensification, while working in tandem with criterion 4 to ensure the average change in SESR throughout the flash drought event is rapid.
To illustrate the four criteria in action for identifying a flash drought event, a time series schematic is presented in Fig. 2 . In this example, a flash drought event was identified from mid-June to mid-July. The beginning of rapid drought intensification begins on 11 June, with a DSESR at the 26th percentile. The subsequent two DSESR on 16 and 21 June also remain below the 40th percentile, listed as criterion 3a. On 26 June, DSESR is at the 67th percentile. This DSESR is identified as a period of moderation and the subsequent DSESR is examined to see if it falls below the 40th percentile. The following DSESR on 1 July is at the 9th percentile. Furthermore, the SESR value at the end of the DSESR (identified as P6 in Fig. 2 ) is less than the SESR value before the period of moderation began (identified as P4). This satisfies criterion 3b, and the flash drought continues. The next DSESR on 6 July is at the 27th percentile and satisfies criterion 3a. On 11 July, the DSESR is at the 58th percentile, and the following DSESR is at the 43rd percentile. Therefore, the end of rapid drought intensification ends on 11 July. The remaining three criteria are used to complete the identification process. First, the flash drought event illustrated in the schematic is 6 DSESR or 7 total pentads long. This satisfies criterion 1 for the minimum length of a flash drought event. Next, the final SESR value of the rapid intensification period is identified as P7 on the time series. An example 20th percentile of SESR is shown to be approximately 20.8, such that criterion 2 is met for the ''drought'' component of flash drought. Last, the mean DSESR for the flash drought event is calculated to verify that any moderation periods within the flash drought did not significantly impede rapid drought intensification. The mean DSESR is found to be at the 24th percentile, meeting the requirement outlined in criterion 4. Therefore, this rapid drought intensification period satisfies all of the criteria to be identified as a flash drought event.
A generalized flowchart of the flash drought identification process is shown in Fig. 3 . Two separate elements are noted in this methodology. The top left side of the schematic represents the rapid rate of intensification toward drought. This is encompassed within criterion 3a of the flash drought methodology. The top right side of the schematic represents an inclusion of moderation within the identification of a flash drought. This is composed within criterion 3b and accounts for brief periods in which a rapid decrease in SESR values (increase in evaporative stress) is limited by precipitation, lower temperatures, and any other set of environmental processes that reduces overall evaporative stress. In the methodology provided here, only one pentad of moderation is permitted because if two or more consecutive pentads of moderation are allowed, it is more likely that conventional droughts (slowly developing) will be erroneously identified as flash droughts. Given that the onset and development of flash drought is on the order of several weeks to a couple of months (Otkin et al. 2018a) , inclusion of long periods of moderation is inconsistent with the definition of flash drought.
Evaluation of the flash drought methodology a. Dataset
To demonstrate the methodology, data from the National Centers for Environmental Prediction North American Regional Reanalysis (NCEP NARR; Mesinger et al. 2006 ) were used. While limited studies exist comparing land surface variables in NARR with observations, NARR has been shown to perform well for precipitation (i.e., have minimal bias; Kennedy et al. 2011 ). In addition, NARR surface-based variables were found to have comparable accuracy compared to other reanalysis datasets [e.g., the Modern-Era Retrospective Analysis for Research and Applications (MERRA) and the Climate Forecast System Reanalysis (CFSR); Santanello et al. 2015] . Studies have also utilized NARR land-based variables for climatological analysis (e.g., Miguez-Macho et al. 2008; Dominguez and Kumar 2008; Basara and Christian 2018) . Because NARR has been shown to be sufficient in representing land-based variables, NARR was selected for application of the flash drought identification methodology and to produce a climatology of flash drought events across the United States. ET and PET from NARR between 1979 and 2016 were acquired for standardization and analysis following the methodology discussed in section 2. The Noah land surface model (LSM) in NARR uses soil evaporation, transpiration from the vegetation canopy, evaporation of dew/frost or canopy-intercepted precipitation, and snow sublimation as input for total surface ET (Mesinger et al. 2006) . PET in NARR is calculated with the modified Penman scheme from Mahrt and Ek (1984) . Flash droughts were examined during the approximate growing season (April-October) because rapid development of evaporative stress is less important outside of the growing season. In the winter months, ET is limited due to dormant vegetation and PET is small due to lower temperatures and lower net radiation. The combination of limited ET and PET restricts rapid changes in evaporative stress over an extended period of time, falling outside the definition of flash drought.
b. Evaluation with the ESI
Four case studies from Otkin et al. (2013) that identified flash droughts using the satellite-derived ESI were compared to the results from the methodology described in this study (Fig. 4) . The first example assessed the evolution of a flash drought event over eastern Oklahoma and western Arkansas during 2000 (Fig. 4a) . Evaporative stress values between the 2-week ESI composite from Otkin et al. (2013) and the SESR pentad analysis performed in this study were very similar, both temporally and in magnitude. The 2-week ESI and SESR began approximately at 0.6 and 0.4, respectively, and ended at values near 21.4 and 22.2, respectively. As for the timing, both analyses indicated the start of the flash drought near the end of July, with the conclusion of rapid drought development by the middle of September.
The second flash drought event that was examined occurred over eastern Indiana and western Ohio in 2007 (Fig. 4b) . The 2-week ESI began to rapidly decrease around 15 April, while SESR started rapidly decreasing after 25 April. The end of the flash drought event (where evaporative stress values no longer rapidly decreased) occurred around 20 May for both ESI and SESR. While the beginning and ending values of ESI and SESR during the flash drought event were different the overall change in evaporative stress values during the event were very similar (approximately 21.7 for ESI and SESR).
In a flash drought event over southeastern Wisconsin in 2002, SESR produced results that compared poorly with ESI (Fig. 4c) . Specifically, while SESR had decreased slightly between the end of June and early August, the rate of change of SESR was much smaller than the rate of change in ESI.
In the final case, a flash drought event in May/June of 2011 over a similar spatial domain as the first case was investigated (Fig. 4d) . The 2-week ESI and SESR were very similar, with beginning values of 20.2 and 0.1, respectively, and ending values of 21.8 and 21.5, respectively. Timing was also comparable, with the beginning of the flash drought in late May for both analyses, and the end of the flash drought in late June/early July from the 2-week ESI and middle to late June from SESR.
While evaporative stress values between ESI and SESR were not identical in the four cases examined, a precise match between these two datasets is not expected as the standardized values of ESI and SESR were taken over different periods of record (2000-11 for ESI and 1979-2016 for SESR), SESR uses 5-day composites while ESI uses 2-week composites, and SESR is derived from modeled data while ESI is derived from satellitebased remote sensing observations. However, the similar timing and rate of change found between ESI and SESR increase the confidence that the NARR dataset can sufficiently represent evaporative stress and can be utilized for additional flash drought analysis.
c. Evaluation with the U.S. Drought Monitor
To further evaluate flash drought events identified in the NARR dataset, time series of SESR were compared with the USDM for four flash drought cases. Spatial averages of SESR and the USDM were taken for each of the case study domains (the location and extent of the domains are shown in Fig. 5 ). The first flash drought event over Iowa in 2012 lasted for approximately 30 days between mid-June and mid-July (Fig. 6a) . Preceding SESR values were slightly below normal (from 20.5 to 21.0) in May and early June before the rapid drought intensification began. The USDM values were initially category 0 before the flash drought event, but experienced over a two-category increase on average for the domain during the event. The second flash drought event over southeastern Minnesota and west central Wisconsin in 2008 is shown in Fig. 6b . Unlike the previous case, SESR values were near normal (approximately 0.3) before the rapid intensification period in late July and early August. This flash drought event also lasted approximately 30 days and underwent close to a two category change in the USDM. The 2016 flash drought over south central Georgia in Fig. 6c lasted approximately 35 days from late June to late July. Similar to the Minnesota/Wisconsin flash drought event, near-normal/above-average SESR existed before the rapid intensification period, however a moderation period was evident toward the end of the flash drought, with one positive DSESR in the middle of July. A nearly two-category degradation from the USDM was evident for this region in approximately 30 days. The final flash drought case that was examined occurred across eastern Kansas in 2003 (Fig. 6d) . The rapid intensification period began in late June and lasted approximately 35 days. This region saw an average three-category degradation from the USDM in a span of only 35 days. 
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For each of the four cases, SESR rapidly declined 1-2 weeks before a response was evident with the USDM. This is similar to the results found in Otkin et al. (2013) , where decreases in ESI preceded the USDM drought depiction by a couple of weeks.
Application of the flash drought methodology a. Flash drought frequency
The flash drought methodology was applied to the NARR dataset to quantify the number of years that experienced a flash drought event (expressed as a percentage) across the United States (Fig. 7) . Immediately apparent is the ''hot spot'' region of enhanced flash drought frequency over the Great Plains extending into the Corn Belt and western Great Lakes region. In these regions, flash droughts occurred in approximately 40% of the years in the NARR dataset. Local hot spots also exist over the Mississippi Embayment and across the Atlantic coastal plain, with approximately 30%-40% of the years containing a flash drought event at these locations. In contrast, regions of less frequent flash drought occurrence were evident across the Northwest, Southwest, Rocky Mountains, Ozarks, and Appalachian Mountains. Flash droughts occurred approximately between 10% and 20% of the total years on record in the NARR dataset in these areas.
b. Flash drought intensity
Flash droughts were categorized by their rate of intensification using the mean SESR change (DSESR) during the flash drought. A flash drought intensity index was developed that includes four categories (FD1, FD2, FD3, and FD4) ranging from relatively slowerdeveloping flash droughts (i.e., FD1) to the most rapidly developing flash droughts (i.e., FD4). Although flash droughts are partitioned based on the speed with which they developed, it is critical to note that all flash droughts, regardless of category, are extreme phenomena. The percentile thresholds used for each category are shown in Table 1 . The percentiles were selected to loosely follow the percentiles used in the USDM, however the percentiles were 5%-10% greater than those used in the USDM (D1-D4). This is due to the fact that the USDM uses percentiles for individual moments of time (i.e., drought conditions for a specific week). Requiring a variable (such as SESR) to decline at USDM percentiles (i.e., 20th, 10th, 5th, 2nd) for several consecutive pentads is statistically rare and would likely miss the capture of many rapid intensification periods that produce impacts associated with a flash drought event. The primary focus of the flash drought intensity nomenclature is to categorize the rapid development of flash droughts with limited emphasis on the final severity of the flash drought. While terminating in drought conditions is an essential component of flash droughts, it is the rapid onset and development of drought that separates flash droughts from slowly developing drought conditions.
The frequencies of different flash drought intensities are shown in Fig. 8 . Beginning with FD1 (moderate flash droughts), flash droughts in this category occur most frequently across the entire north-south extent of the Great Plains. A similar signal is evident for FD2 flash droughts (severe flash droughts), with the highest flash drought frequency occurring in the southern and central Great Plains, as well as through the Corn Belt. In addition, portions of the Atlantic coastal plain have hot spots of flash drought frequency in the FD2 category. For extreme flash droughts (FD3), the signal becomes especially refined in the primary flash drought hot spot locations of the central Great Plains and Corn Belt, as well as portions of the Atlantic coastal plain. Last, exceptional flash droughts (FD4) exist almost exclusively across the central Great Plains, Corn Belt, western Great Lakes region, and the Atlantic coastal plain.
Discussion
The primary purpose of this study was to present an objective methodology to identify flash drought events in gridded datasets using ET-based variables. The methodology provided here is complementary to the general flash drought definition provided by Otkin et al. (2018a) . Each component of the flash drought methodology developed during this study, including rapid drought development, drought conditions at the end of the rapid intensification period, and longevity, follows the guidelines presented in Otkin et al. (2018a) . While this methodology can be readily applied to gridded datasets, it can also be used in local analyses as well, such as with flux tower/ mesonet observations provided that a long enough period of observations is available for standardization and measurements/calculations of ET/PET. Furthermore, while the primary focus of the methodology was for flash drought identification, the methodology could also be leveraged for flash drought monitoring. Similar to how the U.S. Drought Monitor portrays information on drought conditions across the United States, the flash drought methodology presented here could be used to reveal regions that are currently experiencing or have experienced a flash drought.
SESR values derived from NARR analyses were used to examine individual flash drought examples and to quantify climatological characteristics of flash droughts across the United States. The four SESR time series examples provided in Fig. 6 illustrate how flash droughts can develop either with monotonically decreasing SESR (Figs. 6a,b,d ; based solely on criterion 3a in section 2b) or with the inclusion of a short moderation period in SESR ( Fig. 6c; utilizing criterion 3b in section 2b) . From the analysis of flash drought frequency in section 4a (Fig. 7) , partitioning the identified flash droughts into flash droughts that used only criterion 3a and flash droughts that used both criterion 3a and 3b revealed that 24% of all flash drought events were the monotonic decrease case and 76% of all flash drought events included significant but temporary moderation. A more thorough investigation of this partitioning, however, will be a topic of future research.
The results from the climatological frequency of flash droughts revealed a significant ''hot spot'' of greater flash drought occurrence across the Great Plains, Corn 
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Belt, and western Great Lakes region. Two key characteristics of these regions might be contributing to the maxima in flash drought frequency: agriculture and land-atmosphere coupling. The representation of vegetative differences in NARR is via the NCEP Eta Model. Thirteen vegetative types are prescribed in the Eta model, including a category for cultivations. Agricultural regions may be more susceptible to flash drought due to a shallower root zone and a higher rate of ET (soil moisture depletion) relative to natural grassland. The second factor that may lead to increased flash drought frequency is land-atmosphere coupling. The Great Plains has been identified by several studies as a hot spot for land-atmosphere coupling (Koster et al. 2004; Dirmeyer 2011; Basara and Christian 2018) . Semiarid regions such as the Great Plains show greater sensitivity of surface fluxes and ET to changes in soil moisture (Guo et al. 2006; Dirmeyer 2006; Wei et al. 2016) . As soil moisture decreases, ET is reduced, which limits the availability of locally sourced boundary layer moisture. In the absence of significant moisture advection, the atmosphere continues to dry and increases evaporative demand. This results in a positive feedback in which dry soils modify the environment and make it less favorable for convective precipitation (Findell and Eltahir 2003a,b; Pielke 2001) . Such positive feedbacks due to land-atmosphere coupling could serve to accelerate decreases in SESR and may be a key contributor to the greater frequency of flash droughts observed in the Great Plains.
Regions with a lower frequency in flash drought occurrence were also identified from the climatological analysis of flash droughts. These regions primarily existed over arid, high-elevation, or forested regions. Three main factors could contribute to a lack of flash drought events in these regions: 1) lack of available water in the soil profile, 2) sparse vegetation, and 3) vegetation type. Even when rainfall occurs in arid locations, limited soil moisture capacity prevents the wetting of the environment toward semiarid or dry subhumid conditions. Furthermore, transitions from limited evaporative stress to strong evaporative stress over an extended period of time in these regions are less likely due to a lack of available water in the soil profile. The second potential contributing factor to minima in flash drought occurrence is sparse vegetation. This mostly includes high-elevation regions (e.g., the Rocky Mountains) or desert locations. With minimal vegetation, transpiration is limited and leads to restricted ET. To obtain a rapid change in SESR for flash drought development, a rapid decrease in ET is required (in conjunction with a rapid increase in PET). Furthermore, regions of sparse vegetation will likely have short periods of declining SESR. For example, the Mojave Desert can receive an abundance of rain during the monsoon. This will ultimately lead to frequent large spikes in ET followed by a large decrease in ET due to the large evaporative demand. However, this transition from minimal evaporative stress to large evaporative stress would likely happen during a short time period (i.e., one or two pentads). These short transitions from In section 4b, flash droughts were partitioned by their rate of intensification, following a categorization similar to that used by the Drought Monitor (Svoboda et al. 2002) . The agricultural regions across the United States (central Great Plains, Corn Belt, and portions of the Atlantic coastal plain) emerged as a significant hot spot for the most rapidly developing flash droughts (FD3/ FD4; Fig. 8 ). This supports the hypothesis previously discussed, where regions with crops act as an accelerant for changes in evaporative stress, and as such, lead to the most intense flash droughts. Furthermore, while moderate and severe flash droughts are possible in any region across the United States, hot spots of flash drought frequency in the FD1 and FD2 categories were still seen across the Great Plains and Corn Belt. This implies that while flash droughts can develop over other vegetation types (grasslands, forests, etc.), agricultural regions tend to contain a higher frequency of flash droughts of any intensity.
The methodology presented in this study provides objective identification of flash drought events. However, it is important to be cognizant of two artifacts resulting from this methodology. First, while the methodology performed well with the individual flash drought cases and the climatological analyses in this study, it is possible that changes in SESR could be dependent on the LSM used by different reanalysis datasets. Grid point by grid point daily standardization of ESR provided in section 2a should largely account for these differences as long as the LSM still captures the variability in ET and PET, but variations in the distribution of DSESR among different datasets could make the 40th-percentile-based methodology presented in this study (in conjunction with the minimum 25th percentile change in evaporative stress over the entire length of the flash drought) too strict or too loose. However, it was ultimately shown that, through the standardization process in section 2a, SESR values and change values from a reanalysis dataset (NARR) compared well with the ESI, which has been shown in prior studies to accurately capture the evolution of flash droughts as well as the USDM. This provides confidence that the given methodology should be able to account for differences between datasets satisfactorily for application across a diverse set of datasets.
The second limitation is inherent in the development of any objective-based methodology for flash drought identification. That is, identifying features that are not actually flash drought events and not identifying features that are actually flash drought events. From an FIG. 8 . Percent of years in the NARR dataset between 1979 and 2016 with a flash drought categorized by their intensity. Flash droughts were identified using the flash drought identification methodology in section 2b. See Table 1 for percentile thresholds of each category.
objective standpoint, this requires an upper bound and a lower bound to identify flash droughts. To illustrate, we allow the upper bound to represent the identification of features that are not flash droughts (i.e., false alarm; too many flash droughts identified) and the lower bound to represent missed identification of features that are flash droughts (i.e., misses; too few flash droughts identified). The methodology presented in this study provides a cap for the upper bound of flash drought identification by placing four criteria to capture flash drought events. The four criteria in section 2b emphasize the minimum requirements for a flash drought event, pertaining to the rate of intensification and impact of flash droughts [following the guidelines presented in Otkin et al. (2018a) ]. However, the lower bound of flash drought identification (missing the identification of flash drought events) can be partially subjective. For example, in the inclusion of periods of moderation within the methodology, moderation could be adjusted to include up to two or three pentads before continuing the rapid intensification of evaporative stress toward drought. Even so, the authors believe that including a moderation period this large in the objective flash drought methodology could mistakenly identify features that take several months to develop as ''flash droughts'' when instead they more closely fit the definition of conventional slower developing droughts. Finally, additional reanalysis datasets exist with varying spatial resolution, for instance, phase 2 of the North American Land Data Assimilation System (NLDAS-2; Xia et al. 2012 ) and MERRA, version 2 (MERRA-2; Gelaro et al. 2017) . Future work will examine the impact of the resolution of the LSM on the variability of the drivers associated with flash drought and flash drought identification. While beyond the scope of this study, scalability of flash drought identification among datasets is critical and will be a topic of future research.
Conclusions
This study follows upon the proposed flash drought definition provided in Otkin et al. (2018a) in which flash droughts are identified based on their rapid rate of intensification. Two major components were discussed: a methodology for flash drought identification and application of the methodology to a reanalysis dataset. A percentile-based methodology for flash drought identification was developed utilizing standardized anomalies of evaporative stress. The proposed flash drought identification methodology emphasizes vegetative impact and rapid rate of intensification from flash drought. Two criteria in the identification methodology incorporate vegetative impacts by separating dry spells from flash droughts and ensuring that a flash drought event ends in drought conditions. Two additional criteria emphasize the rapid rate of drought intensification, with one criterion focused on pentad-to-pentad changes in evaporative stress, and the other criterion focused on the rate of change in evaporative stress through the entire length of the flash drought event.
Values of SESR from the NARR were compared with ESI values from satellite-based thermal infrared observations and were found to have comparable timing and rate of change in evaporative stress. A climatological analysis of flash drought events in the NARR dataset from 1979 to 2016 revealed a hot spot of flash drought events over the Great Plains, Corn Belt, and western Great Lakes region. Flash droughts were partitioned by intensity (rate of intensification) and revealed that flash droughts with the largest rate of intensification occurred across the central Great Plains, Corn Belt, and western Great Lakes region.
With the flash drought methodology presented in this study, future work will investigate flash drought climatologies using other reanalysis and observational datasets. Furthermore, the initial climatological results indicate that future work is also needed to examine regional characteristics of flash droughts across the United States.
